Abstract: Anterior cruciate ligament (ACL) injuries occur most commonly during non-contact situations, such as landing from a jump. Arm position has been shown to affect the loading of the lower extremity and therefore alter the potential injury risk. This study aimed to investigate the effect of arm position on lower extremity kinematics during single limb drop landings. Eight recreational American football players performed single limb drop landings on their preferential limb in four different conditions; (1) control (arms free); (2) arms to landing limb side; (3) arms in front of body; and (4) arms away from landing limb side. Kinematics of the hip, knee and ankle were recorded in both the sagittal and frontal planes at initial ground contact and maximum. Results showed that there was a significant decrease in maximum hip flexion and a significant increase in peak dorsiflexion when landing with arms away from the landing-side limb. Since decreased hip flexion and increased ankle dorsiflexion have been proposed to increase the likelihood of ACL injury, it would appear that landing with arms away from the landing-side limb may increase the risk of ACL injury, and therefore athletes should avoid this position when landing from a jump.
Introduction
Between 70% and 84% of anterior cruciate ligament (ACL) injuries have been reported to occur in non-contact situations [1] where there is no direct blow to the knee at the time of injury. This includes movements such as landing and change of direction (cutting or pivoting) and occurs most commonly close to initial contact when the limb makes contact with the ground close to full extension and in a valgus position with a planted foot [1] [2] [3] [4] . In addition, ACL injuries are reported to occur more commonly during single-limb tasks than during double-limb tasks [4] . The effects of ACL injury can often be debilitating and result in long-term functional impairment including knee instability [5] and changes in motor unit recruitment during low-level contractions [6] . Subsequently, this often causes further damage of the menisci and articular surfaces which reduces knee function and in turn reduces a patient's level of physical activity [7, 8] .
Whilst the kinetics (joint moments and forces) acting on a joint is likely to provide the most accurate indication of the loading experienced by the passive support structures, in particular the ligaments, the kinematics may also provide some indication of the risk of injury. Bakker et al. [9] examined the effects of sagittal plane kinematics on ACL strain in drop landings using a combined in vivo/computational/in vitro methodology. This involved inputting motion capture data into a musculoskeletal computer model of the lower extremities to estimate the forces that cross the knee. These forces were then applied to instrumented cadaver knees while the ACL strain was measured. The results showed that a number of kinematic variables correlated with increased ACL strain, including decreased maximum knee flexion and decreased hip and knee flexion at maximum ground reaction force. A more upright or "stiff" landing movement pattern, characterised by reduced flexion of the hip and knee joints coupled with increased ankle dorsiflexion [1] , has been proposed to increase the risk of ACL injury. This may be due to these kinematic factors increasing the ground reaction force and reducing the ability of the hamstring muscles to prevent anterior shear force acting on the proximal end of the tibia [10] , which in turn is likely to increase the strain on the ACL [11] . Knee valgus motion, caused by the excessive hip adduction and internal rotation whereby these movements combine to cause the tibia to abduct and the foot to pronate when the foot is fixed to the floor [12] , has also been shown to increase the relative load on the ACL [13] .
Performing landing movements during sports such as basketball and certain positions in American football (i.e., wide receivers, tight ends, and defensive backs) where players are frequently required to catch a ball means that the arm position is often varied. The position and movement of the arms has been suggested to influence the loading of the lower extremity, which may in turn influence the risk of injury [14] . Despite this, the effect of arm position on landing biomechanics is still largely unclear. Chaudhari et al. [14] investigated valgus knee loading during four 90˝cutting tasks: (1) no arm constraints; (2) holding a football in the plant side arm; (3) holding a football under the cut side arm; (4) holding a lacrosse stick. The results showed that the knee valgus moment was influenced by the arm position whereby holding the ball in the plant foot arm and holding a lacrosse stick increased knee valgus moment relative to the no-arm-constraints condition whereas holding a football under the cut side arm did not change the knee valgus moment relative to the no-arm-constraints condition. These findings suggest that preventing weight from moving over the plant limb through constraining arm movement may increase knee valgus loading, which in turn may increase the risk of ACL injury. However, further evidence is required to validate this theory during different tasks in which ACL injuries frequently occur, such as landing. In addition, little is known regarding the effect arm position has on the kinematics of the lower limb which has been proposed as a risk factor for ACL injury. Therefore, the aim of this study was to examine the effects of arm position on hip, knee and ankle kinematics during single-limb drop landings in recreational American footballers.
Materials and Methods

Participants
Eight recreational university American football players (age = 20.0˘1.3 years, body mass = 80.3˘10.7 kg, height = 1.84˘0.05 m) gave informed consent to take part in the study. Prior to testing, ethical approval was granted by the University of Hertfordshire Health and Human Sciences Ethics Committee. Inclusion criteria was that the participants were male, aged between 18 and 30 and part of the University of Hertfordshire American Football team with no current knee or back injuries and no knee ligament injuries in the past.
Protocol
Prior to data collection, participants were instructed to perform a standardised 5 min warm-up on the cycle ergometer followed by a set of lower limb dynamic stretches (body weight squats, rotational lunges, side lunges, hamstring walks). Once completed, the participants were given the opportunity to practice single limb drop landings from incremental heights until they were comfortable performing the landing task.
Participants were labelled with 29 retro-reflective markers in accordance with the Helen Hayes marker set with markers placed directly on the skin. Marker locations were as follows: three markers on head (top, front and back), right scapula, right and left acromion process, each lateral epicondyle of humerus, between styloid processes of each radius and ulna, anterior superior illiac spines, sacrum, each lateral thigh, each lateral shank, lateral and medial knees, lateral and medial ankles, heels and toes. Markers placed on the lateral and medial ankles and knees were only recorded during static trials and were then removed for all dynamic trials. For the recorded trails, the three-dimensional (3D) coordinates of these markers were recorded using a nine-camera motion analysis system (Motion Analysis Corp., Santa Rosa, CA, USA) sampling at 120 Hz.
Participants were required to perform single limb drop landings on the preferential limb from a 0.42 m platform in four different conditions: (1) control (arms free); (2) arms positioned at right angles to the body's longitudinal axis towards the side of the landing limb while holding a ball; (3) arms positioned at right angles to the body's longitudinal axis in front of the body while holding a ball; and (4) arms positioned at right angles to the body's longitudinal axis to the side of the non-landing limb while holding a ball ( Figure 1 ). Preferential limb was defined as the limb the participant would choose to kick a football [15] . Each subject completed three repetitions of each landing condition with between 60 and 90 s rest in between trials.
on head (top, front and back), right scapula, right and left acromion process, each lateral epicondyle of humerus, between styloid processes of each radius and ulna, anterior superior illiac spines, sacrum, each lateral thigh, each lateral shank, lateral and medial knees, lateral and medial ankles, heels and toes. Markers placed on the lateral and medial ankles and knees were only recorded during static trials and were then removed for all dynamic trials. For the recorded trails, the three-dimensional (3D) coordinates of these markers were recorded using a nine-camera motion analysis system (Motion Analysis Corp., Santa Rosa, CA, USA) sampling at 120 Hz.
Participants were required to perform single limb drop landings on the preferential limb from a 0.42 m platform in four different conditions: (1) control (arms free); (2) arms positioned at right angles to the body's longitudinal axis towards the side of the landing limb while holding a ball; (3) arms positioned at right angles to the body's longitudinal axis in front of the body while holding a ball; and (4) arms positioned at right angles to the body's longitudinal axis to the side of the non-landing limb while holding a ball (Figure 1 ). Preferential limb was defined as the limb the participant would choose to kick a football [15] . Each subject completed three repetitions of each landing condition with between 60 and 90 s rest in between trials. 
Data Analysis
Marker trajectories were filtered at 6 Hz using a fourth-order Butterworth filter. From the location of the three-dimensional coordinates of the markers placed on the body, the measurement of joint angles were determined as the Euler angle of the distal segment reference frame relative to the proximal segment reference plane rotated in the order (1) mediolateral axis; (2) anterioposterior axis; (3) longitudinal axis.
Statistical tests were performed using the computer package IBM SPSS v.23.0. Repeated measures ANOVA determined the effect of arm position on the kinematics of the hip, knee and ankle joints in both the sagittal and frontal planes at initial ground contact and maximum. A priori alpha level was set at 0.05. 
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Results
Initial Ground Contact
There were no significant effects at initial ground contact for kinematics of the hip, knee and ankle in both the sagittal and frontal planes (p > 0.05) ( Table 1) . 
Maximum Angles
There was a significant effect and large effect size for the arm position in the maximum hip flexion angle (F (3,5) = 7.13, p = 0.03, η p 2 = 0.81). Post-hoc tests revealed maximum hip flexion to be significantly lower when landing with the arms towards the non-landing limb side compared to when landing with arms toward the landing limb (p = 0.044) and in front (p = 0.014) ( Table 1 ). There was a significant effect and large effect size for arm position in the peak dorsiflexion angle (F (3, 5) = 24.7, p = 0.002, η p 2 = 0.94). Post-hoc tests indicated ankle dorsiflexion was significantly reduced when landing with arms towards the landing limb side as compared to when landing with arms towards the non-landing limb side (p = 0.004) and in front (p = 0.000). Furthermore, post-hoc test revealed that ankle dorsiflexion was significantly reduced when landing with arms in front of the body than when arms were located towards the non-landing limb side (p = 0.006). There were no significant effects for maximum knee flexion angle or maximum angles of the hip, knee and ankles in the frontal plane (p > 0.05).
Discussion
The main findings of the study are that landing with the arms away from the landing limb caused a decrease in maximum hip flexion and an increase in maximum ankle dorsiflexion when compared to both landing with the arms towards the landing-side limb and arms in front of the body. Both reduced hip flexion and increased ankle dorsiflexion have been proposed as risk factors for ACL injury [1] ; therefore, this suggests that landing with arms away from the landing limb may result in increased risk of ACL injury.
There was no significant effect for arm position in any lower limb kinematic variable at initial ground contact and there was no significant effect for arm position on the knee kinematics in either the frontal or sagittal planes. Previous research has shown that ACL injury frequently occurs close to initial contact with the ground where the knee is close to full extension and in a valgus position [4, 16] . The current study shows that the arm position has little effect on these kinematic variables and therefore may not increase injury risk through altering the kinematics of the knee itself. Previous research has shown that moving the arms away from the body and restricting the arms by not allowing them to aid in maintaining balance when performing cutting movements influences the valgus loading about the knee [14] . Whilst the current study showed no effect of arm position on the kinematics of the knee in the frontal plane, movement of the knee alone does not determine it's loading since the loading of any joint is influenced by the movement and loading of other joints within the kinetic chain [17] . Therefore, it would appear that the kinematics of the hip and ankle in the sagittal plane may play a crucial role in determining the effect of arm position on knee loading during landing/cutting.
From the results it has been shown that there is a decrease in maximum hip flexion when landing with arms positioned away from the landing limb. By landing with arms towards the landing limb, which shifts the body's center of mass towards the landing leg and therefore over their base of support, participants would likely be in a more stable position during the landing. This would allow the participants to attenuate the impact forces during landing from a more stable base and therefore utilize a greater range of motion of the hip joint. In contrast, landing with arms away from the landing limb, which would move the center of mass away from the base of support, may create a less stable landing position whereby participants were less able to attenuate the impact forces during landing using the hip joint and instead were required to adopt greater ankle dorsiflexion. Furthermore, if the center of mass of the upper body is located over the landing limb (i.e., landing with arms towards landing limb), the moment acting about the hip joint center due to the upper body would be reduced due to a reduction in the moment arm of the upper body's weight. This would result in a reduced requirement on the muscles of the hip and thigh to maintain the body in an upright position, which instead would allow for a greater proportion of the muscles' force-producing capacity to be directed towards attenuating the impact force of landing. Lastly, in accordance with Newton's third law of motion, rotating the arms and trunk towards the landing limb would likely cause and counteract the internal rotation moment at the hip. This would cause a pre-stretch of the external rotator muscles of the hip in resisting this internal rotation moment and may therefore place these muscles in a more effective state for force production.
When landing with a decrease in hip flexion, there tends to be an emphasis on the use of knee extensors (quadriceps) instead of the hip extensors (hamstrings and gluteus maximus) to attenuate the ground reaction forces [10] . Since the quadriceps produce an anteriorly directed shear force on the proximal tibia, which contributes to ACL loading, whereas the hamstrings produce a posteriorly directed shear force on the proximal tibia, which protects the ACL, this finding could be of particular importance. It has previously been reported that lack of knee flexion is a risk factor for ACL injury [18] ; however, the results of the present study showed no significant effect for the arm position on the kinematics of the knee in the sagittal plane. Previous research has proposed that reduced hip flexion tends to occur in combination with reduced knee flexion [19] , which has led some studies to couple these joints in the sagittal plane [11] . The present study contradicts these suggestions since the arm position was found to alter hip flexion but not knee flexion.
From the results there was an increase in maximum ankle dorsiflexion during landing when the arms were positioned away from the landing limb compared to when the arms were held towards the landing limb or in front of the body. Landing with an increase in dorsiflexion reduces the ability of the gastrocnemius-soleus complex to absorb the ground reaction forces, which in turn means that more of that force is transmitted along to the knee joint [20] . This may in turn place the passive support structures of the knee under greater loading.
The practical implications of the current study are that coaches should train their athletes to try to avoid landing on one limb with arms positioned away from the landing limb since this has been shown to alter the landing kinematics whereby players may be at increased risk of ACL injury. These situations can commonly arise when a receiver is attempting to catch a misdirected pass, and whilst it may be difficult to adjust lower limb kinematics during movement itself, training players to land on the leg nearest to the ball and then move their arms towards the landing leg side once the ball has been caught may allow athletes to recognize the movements which may place their lower limb at risk of injury and reduce the stresses placed on the joints. If, however, athletes are forced to land with arms positioned away from the landing limb, they should attempt to avoid excessive dorsiflexion and actively flex their hip in an attempt to minimise ACL injury risk.
A limitation of this study may have been the training history of the athletes. Since participants were recreational American football players, there was a range of athletic ability; therefore, some participants may have been more experienced in performing landing manoeuvres and as a result may have been better prepared to land in a way to reduce the risk of lower extremity injury than others. That said, participants were given ample practice to rehearse the landing tasks prior to data collection. Another limitation of this study is the relatively small sample size tested. However, the findings of this study do suggest that future research in the area is warranted to fully elucidate the relationship between arm position during landing/cutting and lower limb biomechanics. In particular, whilst lower limb kinematics do provide an indication of the risk of ACL injury, they do not measure the loading acting on the joints directly; therefore, research should examine the effect of arm position on the kinetics of the lower limb during movements in which ACL injury is common.
Conclusions
In summary, the results of the study show that arm position does have an effect on lower extremity landing kinematics whereby landing with arms away from the landing limb was shown to decrease hip flexion and increase ankle dorsiflexion. This may be due to a reduction in stability when landing with the arms away from the landing limb, whereby the body's center of mass is shifted away from the base of support and therefore is in a position where the body is less able to attenuate the impact of landing through utilizing hip flexion and instead must increase ankle dorsiflexion in order to maintain balance. Both reduced hip flexion and increased ankle dorsiflexion have been proposed to increase ACL injury risk; therefore, it is recommended that coaches train their athletes to avoid landing with arms away from the landing limb. It should be noted, however, that this is a preliminary study and therefore further research is required to validate the findings in a wider population.
